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Abstract. At the electron accelerator ELSA a linearly polarised tagged photon beam is produced by co- 
herent bremsstrahlung off a diamond crystal. Orientation and energy range of the linear polarisation can 
be deliberately chosen by accurate positioning of the crystal with a goniometer. The degree of polarisa- 
tion is determined by the form of the scattered electron spectrum. Good agreement between experiment 
and expectations on basis of the experimental conditions is obtained. Polarisation degrees of P 7 = 40% 
are typically achieved at half of the primary electron energy. The determination of P 7 is confirmed by 
measuring the beam asymmetry, E, in it photoproduction and a comparison of the results to independent 
measurements using laser backscattering. 



PACS. 13.60.-r Photon and charged-lepton interactions with hadrons - 13.60.Le Meson production 
13.88.+e Polarization in interactions and scattering 



1 Introduction 

Experiments based on photo-induced exclusive reactions 
are well suited to improve our understanding of the com- 
plicated structure of the nucleon. In addition to measure- 
ments of cross sections, polarisation observables are in- 
dispensable. They are sensitive to interference terms and 
therefore give access to small amplitudes, even if those are 
too small to affect the total cross section significantly. Cir- 
cularly and linearly polarised photon beams allow, in com- 
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bination with target or recoil polarisation, the extraction 
of double polarisation observables. From linearly polarised 
photons alone the beam asymmetry, U, can be extracted 
(for a definition of the observables see e.g. ref. [1]). In case 
of pseudoscalar meson photoproduction the beam asym- 
metry alone does not allow an unambiguous extraction of 
all partial waves [2], but its measurement is essential in 
view of a complete experiment [3] . 

The two common methods for generation of linearly po- 
larised photons are coherent bremsstrahlung and Comp- 
ton backscattering (CBS). In Compton backscattering the 
electron beam collides with a laser beam of short wave- 
length. Linearly polarised photons can be produced using 
linearly polarised laser photons [4,5]. The degree of polar- 
isation of the CBS photons is proportional to that of laser 
photons, with its maximum at the highest photon energy. 
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At the present facilities this method is compared to elec- 
tron bremsstrahlung limited in intensity and achievable 
maximum photon energy. 

In coherent electron bremsstrahlung the recoil is trans- 
ferred to a crystal radiator. Depending on its orientation 
relative to the electron beam, the whole crystal absorbs 
the recoil, which fixes the plane of electron deflection. Con- 
sequently, the photons produced by the coherent process 
are linearly polarised. Compared to CBS, photon beams 
from coherent bremsstrahlung have a higher intensity, but 
on the other hand a lower maximum degree of polarisation 
at higher photon energies. 

Several facilities successfully use coherent bremsstrahlung 
to produce linearly polarised photons at high energies [6, 
7]. For the first time a setup for coherent bremsstrahlung 
was installed and operated at the electron accelerator ELSA 
[8]. The following section is first devoted to the basics of 
coherent bremsstrahlung. The description of the appara- 
tus is then followed by the alignment procedure for the 
crystal and the results obtained for the photon polari- 
sation. In sect. 6 the measurement of the photon beam- 
asymmetry, S, in 7r°-photoproduction is presented as an 
independent cross check for the polarisation analysis. 



2 Coherent Bremsstrahlung 

Radiators with a periodical lattice structure allow the pro- 
duction of linearly polarised photons via the process of 
coherent bremsstrahlung. In this section properties of the 
coherent process are described which are essential for the 
understanding of the experimental methods. For a more 
detailed discussion we refer to review articles [9-14] . 
In the case of incoherent bremsstrahlung (bs), an electron 
with energy Eq and momentum po radiates a photon with 
energy fc, due to coulomb interaction. Momentum conser- 
vation requires a recoil partner to take over the recoil mo- 
mentum 



q = Po ~ P ~ k. 



(1) 



Here p denotes the momentum of the outgoing electron. In 
general, a kinematical constraint applies for the longitu- 
dinal, qi, and transversal, qt, momentum transfer. A good 
approximation for this so-called "pancake" condition [13, 
14] is given by the relations 



S < qi < 28 
0<q t < 2x. 



(2) 
(3) 



The longitudinal momentum transfer shows a non-zero 
lower limit given by 



S(x) 



1 



2E 1 



(4) 



with the fractional photon energy x = k/i^o- 

In the case of incoherent bs only one single nucleus 
(or electron) absorbs the momentum transfer, in contrast 
to the coherent process where the whole lattice partici- 
pates, comparable to the Mofibauer effect. The process of 
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Fig. 1. Left: Projection of four parallel planes through the re- 
ciprocal lattice vectors [000], [001], [002] and [003] in the plane 
6i, &2- The primary momentum po is rotated by a small angle 
9. The pancake region is indicated by a grey band. With regard 
to the b3-axis, perpendicular to the drawing plane, many vec- 
tors still lie in the allowed kinematical region (circle). Right: 
Reciprocal lattice vectors in the plane b? , 63 . Compared to the 
left picture the angle 9 is larger and po is tilted out of the plane 
bi, &2 by the angle a, such that only the vector [022] lies in 
kinematical allowed region. 

coherent bs depends decisively on the orientation of the 
momentum transfer q in the reciprocal lattice space, more 
precisely, the momentum transfer has to fit to a vector of 
the reciprocal lattice. Consequently, only discrete recoil 
momenta can be transferred to the crystal as a whole, 
specified by the Laue condition 



q = n g. 

The reciprocal lattice vector 



3 
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k=l 



(5) 



(6) 



is composed of the Miller indices, hk, and the basis vectors 
of the reciprocal lattice, bk (below we use the nomencla- 
ture [hih.2113]). Figure 1 shows the momentum vector po 
in the reciprocal lattice space. For the selection of only 
one reciprocal lattice vector in the kinematical region of 
allowed recoils the angles 9 in the plane bib2 and a in 
the plane 6263 have to be carefully chosen. The pancake 
region is illustrated by the grey band perpendicular to the 
momentum vector po. 

Contributions to the coherent bs cross section only re- 
sult from reciprocal lattice vectors within the pancake re- 
gion. At a fixed orientation of the lattice, the pancake 
shifts with increasing photon energy, cf. eq. 4. Conse- 
quently, at a certain point a reciprocal lattice vector leaves 
the pancake. This leads to a discontinuity in the coherent 
bs intensity at the fractional photon energy 



Xd 



2E Q S 



(1 + 2E 6) ■ 



(7) 



The plane of the electron deflection is fixed very tightly 
by the incoming electron momentum po and the recipro- 
cal lattice vector g responsible for the coherent process. 
Hence, the linear polarisation of the emitted photons is 
oriented in the plane (g,Po). 
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Fig. 2. Goniometer setup for the Crystal-Barrel/TAPS exper- 
iment at ELSA. Left: Available amorphous radiators which can 
be selected by rotation of the azimuthal axis. The horizontal 
translation allows the choice of either crystal or amorphous ra- 
diator. Right: Three step-motor drives may be used to rotate 
the crystal around a vertical axis (9 l ^ b ), a horizontal axis (9 l ^ b ) 
and an azimuthal axis (cf> ab ). The diamond crystal is mounted 
in the center of the three axes with its [100] crystal axis paral- 
lel to the goniometer axis (4> lab ). The remaining two axes allow 
the horizontal and vertical translation. 

3 Apparatus 

The electron beam of ELSA [8] hits the radiator target in 
front of the tagging system [15]. Electron beams of Eq = 
2.4 GeV and Eq = 3.2 GeV were routinely used for exper- 
iments with linearly polarised photons. 
The crystal has a front surface of (4 x 4) mm and thickness 
of 500 jtim. It is accurately positioned by a dedicated com- 
mercial 5-axis goniometer 1 . The maximum angular uncer- 
tainty is 8 < 170 /irad due to the wobble along the axes. 
Optical test measurements showed that other uncertain- 
ties, like absolute accuracy, uni-directional repeatability 
and reversal value (hysteresis) are negligible. The crys- 
tal, glued on a 12.5 /Ltm kapton foil, is positioned in the 
common center of the three rotation axes of the goniome- 
ter, horizontal (9 l £ b ), vertical (9 l v ab ) and azimuthal {(/) lab ), 
cf. fig. 2. The minimum incremental motion (the small- 
est increment of motion the device is capable of consis- 
tently and reliably delivering) of each rotation axes is 9 
= 0.001 degree. Special measurements, discussed in sect. 
4, confirm the orientation of the [100] crystal axis perpen- 
dicular to its front surface. 

Further copper radiators with different thicknesses and 
wires to scan size and position of the electron beam are 
mounted on a disk around the crystal, as can be seen in 
fig. 2. 

Electrons which radiated a photon are momentum anal- 
ysed using the tagging-spectrometer, as schematically de- 
picted in fig. 3. The detection system consists of 14 plas- 
tic scintillators providing fast timing and additional ho- 
doscopes, a 480 channel scintillating fibre detector and a 
MWPC, to achieve a good energy resolution. The optimi- 
sation and analysis of linear polarisation is solely based on 
the data of the scintillating fibre detector which covers the 
energy range E 1 — 0.18. ..0.8 Eq. The fibres are arranged 
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in two layers. The individual fibres overlap by around 2/3 
of their diameter. The energy resolution varies between 
2 MeV for the high photon energies and 25 MeV for the 
low energies for Eq = 3.2 GeV. The tagged photon beam 
remains virtually uncollimated. Hence, the measured elec- 
tron spectrum directly reflects the photon spectrum. The 
orientation of the linear polarisation and the position of 
the coherent maximum in the photon energy-spectrum de- 
pends on the alignment of the crystal relative to the elec- 
tron beam direction. Maximum polarisation is found in 
the plane (g,Po)- The direction of the momentum vector 
Po in the reference frame of the crystal is defined by the 
polar angle, 8, and the azimuthal angle, a, cf. fig. 1. The 
angle <f> is the azimuth of the reciprocal lattice vector g 
in the same reference frame. Given 9 and a, the position 
of the discontinuity, Xd, in the energy-spectrum can be 
calculated [14,6]: 

Xd = [2E n (gi cos 9 + sin 9(g 2 cos a + gz sin a))] (8) 
•[1 + 2E Q (gi cos 9 + sin 9(g 2 cos a + gz sina))] -1 . 

Relations between crystal angles (9,a,(f>) and goniometer 
angles (9 l £ b , 9 l v ab , <p lab ) for the g=[022] reciprocal lattice 
vector are given by [6] 

9 l v ab = arcsin(sin<9 sin(a + (j) lab ))- (9) 

l £ b = - arctan(tan0 cos(a + (f> lab )); (10) 

9 = arccos^os^ cos9 l v ab ); (11) 
a = arccos[(- cos cj) lab sin 9 l h ab cos 9[f b 

+ sin<j) lab sm9 l v ab )(sm9)- 1 }- 1 (12) 

The angle f3 defines the orientation of the polarisation 
plane, (3 = and 7r/2 are associated to vertical and hor- 
izontal linear polarisation, respectively. It is essential to 
determine all angular offsets between the crystal reference 
frame and the goniometer system on the one hand, and 
the incoming electron beam and the goniometer system on 
the other hand with sufficient accuracy. The former offsets 
have to be measured once in case of a fixed installation. 
The latter depend on the stability of the beam alignment 
and have to be determined repeatedly. For the alignment 
process we use the coherent bremsstrahlung itself as de- 
scribed in the next section. 



3,27m 
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1 Newport Corporation, Irvine, CA 92606, USA 



Fig. 3. Setup of the tagging-system as described in the text. 
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Fig. 4. Stonehenge plot for non aligned crystal at an electron- 
beam energy of Eo=3.2 GeV. The tagged photon energy is plot- 
ted radially, the colour-code (greyscales) represents the coher- 
ent intensity. The axes show the horizontal and vertical rota- 
tion in the goniometer system. The opening cone of the quasi 
azimuthal scan is 6 C = 60 mrad, see eq. 15. The prominent 
structures associated to the [022] and [022] reciprocal lattice 
vectors. The structures rotated by 45 degrees result from the 
[044] and [044] vectors and give additional interpolation points 



4 Crystal alignment - Stonehenge Technique 

The alignment is achieved by the Stonehenge Technique. 
The procedure can cope with a relatively large mounting 
misalignment and allows any arbitrary orientation of the 
polarisation plane to be selected. A detailed description 
is given in [16,17]. The basis of the technique is a quasi 
azimuthal scan which sweeps the crystal axes in a cone 
of angular radius 6 C by stepping simultaneously on the 
horizontal and vertical axis of rotation: 

9 l v ab = 6 C cos <2>; 0<<£<2tt (14) 
9 l « b = 6 c sin<P. (15) 

For each point of the scan a photon energy spectrum 
is measured and plotted in a polar diagram (Stonehenge 
plot), where the photon energy increases in the outward 
radial direction and the x- and y-directions correspond to 
the rotation axes Q l ^ b and 9 l ^ b , respectively. In order to ac- 
centuate the coherence effect, the spectra are normalised 
to the spectrum of an amorphous copper radiator. There- 
fore the colour code of the diagram denotes the coher- 
ent intensity. A Stonehenge plot for a non aligned crys- 
tal taken for the Crystal-Barrel/TAPS experiment [2] is 
shown in fig. 4. The coherent contributions from different 
settings of crystal planes result in pronounced structures 
due to the different angles between crystal and electron 
beam. The strongest intensities typically relate to the [022] 
and [022] reciprocal lattice vectors and the points where 
they converge at E 7 — > (inner circle) indicate where the 
corresponding setting of planes is parallel to the electron 




E/MeV 

Fig. 5. Stonehenge plot for perfect aligned crystal at 
Eo=3.2 GeV, cf. fig. 4. Here the opening cone of the quasi 
azimuthal scan is 9 C — 10 mrad. Photon energy spectra for 
three different 0-angles are plotted additionally to illustrate 
the shifting of the coherent peak. 

beam. The analysis of the symmetry in the Stonehenge 
plots yields all independent offsets of the crystal. For a 
detailed description of this analysis method it is referred 
to [16,17]. 

Taking into account the angular offsets, it is possible to set 
the linear polarisation at any desired spatial direction and 
at any photon energy by choosing the crystal orientation. 
Figure 5 shows the Stonehenge plot of a perfectly aligned 
crystal with a vertical orientation of the [022] plane. Three 
one-dimensional sample histograms for different directions 
are shown on the right side. The precision of the angular 
offsets depends on scan parameters, basically the step size 
and the cone 9 C (cf. eq. 15). The resulting azimuthal ori- 
entation has an accuracy of A<fi = 0.5 degree [17]. 
In order to preserve the alignment during the experiment, 
the stability of the beam position is monitored online, us- 
ing the coherent peak itself, since the position of the co- 
herent peak in the energy spectrum is extremely sensitive 
to angle of the incident beam. As for the Stonehenge plots, 
also for beam diagnostics the coherent spectrum is always 
normalised to the spectrum of an amorphous copper ra- 
diator. At the beginning of each experiment a normalised 
reference histogram is defined, which is compared with 
the online spectrum permanently. The incoherent copper 
spectrum is measured in regular intervals. 



5 Degree of linear polarisation 

The generation of high degrees of linear polarisation re- 
quires the isolated contribution of one of the [0,±2,±2,] 
reciprocal lattice vectors to coherent bremsstrahlung. Pre- 
cisely determined offsets (cf. sect. 4) enable to deliber- 
ately set both, the energy of the coherent peak and the 
orientation of the linear polarisation. The determination 
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Fig. 6. Comparison of the polarisation contribution of the 
[044] vector, with its maximum at E 7 = 1900MeV, underneath 
the selected [022] vector at E 7 = 1300MeV. The curve with the 
broadened peaks shows the effect of typical experimental con- 
ditions, basically multiple scattering and electron-beam diver- 
gence. 



electron energy 3176.1 MeV 

spot size <y horizontal 1-5 mm 

spot size (J vertical 1-0 mm 

divergence <J p honzontal 0.3 mrad 

divergence a p vertical 0.08 mrad 

Table 1. Electron beam properties. 



crystal thickness 


0.5 mm 


calculated numbers of lattice vectors 


1000 


incoherent scaling factor 


1.35 



Table 2. Radiator properties. 



E 7 (P mffll ')/MeV 


pmas. 


0^ y /mrad 


6^ r Vmrad 


1305 


0.49 


-3.16 


-56.78 


1515 


0.42 


-4.09 


-64.00 


1610 


0.39 


-4.58 


67.00 


1814 


0.31 


-5.88 


76.00 



Table 3. Coherent peak position, maximum degree of po- 
larisation, p max - ; and crystal angles for the vertical orien- 
tation of the polarisation plane. 



of the polarisation degree is based on the comparison of 
the measured electron spectrum with the ANB ( "analytic 
bremsstrahlung calculation" ) software [19] from Tubingen 
University. The ANB code allows the calculation of coher- 
ent intensities for each single reciprocal lattice vector. It 
integrates over all desired vectors. Taking into account the 
incoherent contributions, the degree of polarisation can be 
determined. If there is no overlap of different reciprocal 
lattice vectors within a given energy interval, the degree 
of polarisation can be obtained from any fit of the inten- 
sity spectrum. 

Figure 6 shows the ANB-calculated relative photon inten- 
sity spectrum along with the calculated photon polarisa- 
tion. Due to a tiny overlap with the adjacent peak of the 
[044] vector the exact determination of the polarisation 
degree from the experimental data alone is not feasible. 
In our particular case no clear separation of the vector 
[022] was realisable in the required energy region. 

Under given experimental conditions the shape of the 
coherent spectrum is not determined by the crystal ori- 
entation alone. Each single process has a small deviation 
from the nominal kinematics as a result of beam diver- 
gence and multiple scattering in the crystal. Both effects 
cause a smearing of the sharp edge at the discontinuity 
position, due to the different pancake conditions for indi- 
vidual processes, and hence lower the intensity and con- 
sequently the maximum degree of polarisation (cf. fig. 6). 
The effects of beam divergence, beam spot-size, energy res- 
olution and multiple scattering are included in the ANB 
software. Tables 1-3 show overviews of typical values for 
our experimental parameters. The electron-beam energy 
and the spot size are precisely measured. The values of 
the beam divergence result from calculations of the beam- 
line optic. 



Additionally, collimation affects the degree of polarisation, 
due to the different angular distribution for the coherent 
and incoherent bs. However, no effective collimation of the 
photon beam was used in the experimental. 
During the first round of CBELS A/TAPS data taking at 
ELSA four different crystal settings were used, with maxi- 
mum polarisation at £ 7 = 1305 MeV, 1515 MeV, 1610 MeV 
and 1814 MeV. Vertical orientation of the polarisation vec- 
tor was chosen, since the vertical divergence of the ELSA 
electron beam is about an order of magnitude smaller than 
in horizontal direction. Normalised electron spectra are 
shown in fig. 7. The curves represent a calculation using 
an improved version [22] of the original ANB software. The 
description of the measured intensity spectrum is very ac- 
curate at all settings. Two main improvements in the ANB 
code were necessary to obtain this level of agreement be- 
tween calculation and experimental data. The inclusion of 
multiple scattering was improved by a more precise ap- 
proximation of the angular distribution [23]. The original 
description [24] only accounts for the first order of the se- 
ries expansion of the scattering angle in Moliere theory. 
This accuracy was not sufficient to describe the experi- 
mental spectrum. As a consequence a discrepancy appears 
in the steep edge of the coherent peak. 
Furthermore, the incoherent description of the ANB soft- 
ware needs to be scaled for all calculations by a factor of 
1.35 (cf. table 2). This was traced back to an uncertainty 
in the parametrisation of the atomic form factor. A scaling 
of the atomic form factor according to Cromer and Waber 
[18] by a factor of 1.1 yields the same result, as the scal- 
ing of the incoherent part. Taking into account the form- 
factor parametrisation after Schiff [20], the difference of 
the form factors is also a factor of 1.1. Consequently, the 
two alternative parametrisations provide an uncertainty 
in the order of 10% in the required momentum-transfer 
region. The relative strengths of coherent and incoherent 
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Fig. 7. The measured coherent bremsstrahlung intensity normalised to an incoherent spectrum in comparison to an improved 
version [22] of the ANB-calculation [19] (full curve). The diamond radiator was set for an intensity maximum at E-, = 1305 MeV 
(top left), E-f = 1515 MeV (top right), E 7 = 1610 MeV (bottom left), _B 7 = 1814 MeV (bottom right). The numbered blocks 
indicate the ranges covered by the 14 timing scintillators of the tagging detector. 



contributions determine the absolute value of linear po- 
larisation. In this respect the re-scaling of the incoherent 
contributions introduces no significant additional error. 
An absolute error of SP^ < 0.02 is estimated using vari- 
ations of the calculated relative intensity by ±5%. These 
worst-case estimate accounts for deviations from the shape 
of the spectrum due to combined statistical and system- 
atical effects. 

Assigning the appropriate photon energy to each single 
event in the data analysis yields the event-weighted av- 
erage polarisation in each bin of photon energy. An in- 
dependent cross check of the determination of the polar- 
isation degree is the measurement of the photon beam- 
asymmetry, S, in an energy region were it is well known 
from other independent measurements. This is discussed 
in the next section. 



6 Beam asymmetry in 7r° photoproduction 

The analysis of the photon beam-asymmetry, S, in the re- 
action ~/p — > pir° provides a well suited consistency check 
for the determination of the degree of polarisation. Large 



photon asymmetries are involved, especially at small an- 
gles 9^o, and a zero-crossing at certain energies. Com- 
paring our results to earlier measurements at GRAAL 2 
[5] gives an independent check, in particular because at 
GRAAL linearly polarised photon beams are produced 
by a different process, laser backscattering, with a well 
defined and high degree of polarisation. Our results are 
based on the same data set and data analysis presented in 
a previous publication on the beam asymmetry in r\ pho- 
toproduction [2]. The experimental setup and the main 
steps of the data analysis are shortly summarised in the 
following. 



6.1 Experimental setup and data analysis 

The linearly polarised photon beam from the tagging sys- 
tem (cf. Sec. 3) was incident on a 5.3 cm long liquid hy- 
drogen target. The target is surrounded by a cylindrical, 
three layer scintillating fibre detector, covering the polar 
angular range from 15 to 168 degrees, and the Crystal 
Barrel (CB) detector [25], consisting of 1290 individual 

2 GRcnoblc Anncau Accelerateur Laser 
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Fig. 8. Two photon invariant mass distribution from the full 
energy and angular range after the standard kinematic analysis 
cuts (see text). Signal widths of a w a — 10 MeV and er,, = 22 
MeV are obtained. Note the logarithmic scale. 



3cr width around the 7r° mass in the invariant mass spec- 
tra. 

The cross section of pseudoscalar meson photoproduction 
off a nucleon with linearly polarised beam [27] is given by 

the beam asymmetry, S, can be extracted from the mod- 
ulation of the cross section over the azimuth. In cq. 16 
(Jo denotes the polarisation independent differential cross 
section, P 7 the degree of linear polarisation of the incident 
photon beam, and & the azimuthal orientation of the reac- 
tion plane with respect to the plane of linear polarisation. 
From a fit of the azimuthal event distribution 

/(<*>) = A + B cos(2<£) (17) 

the product of beam asymmetry and photon polarisation, 
P 1 S 1 is given by the ratio B/A in each bin of photon en- 
ergy and pion angle, O^S 1 . Finally, the event-weighted av- 
erage polarisation, assigned as described in Sec. 5, allows 
the determination of £ in each data bin. 



CsI(Tl) crystals covering a polar angular range of 30 - 
168 degrees. The forward cone of 5.8 — 30 degree was cov- 
ered by the TAPS detector, a setup of 528 BaF2 modules 
at a distance of 118.7cm from the target. Charged par- 
ticle recognition is obtained by the hit information from 
the plastic-scintillator modules in front of TAPS and the 
scintillating fibre detector inside CB. The first level trig- 
ger was derived from the TAPS detector modules, which 
are individually equipped with photomultiplier readout. 
Two alternative trigger conditions were used, either > 2 
hits above a low threshold (A) or > 1 hit above a high 
threshold (B). Within ~ 10 fis, a fast cluster recognition 
for the Crystal Barrel provides the second level trigger 
(C) . Finally, the total trigger condition required 2 clusters 
identified: [AV(BAC)]. 

The offline analysis is based on three detector hits, cor- 
responding to two photons from the pion decay, and the 
proton. A photon hit is usually composed of a cluster of 
adjacent crystals whose energy is summed over. Due to the 
detection of the proton, the kinematics is overdetermined. 
The analysis starts with all combinatorial possibilities, i.e. 
3 for the 3-cluster events. No charged particle identifi- 
cation for the proton was used to avoid false azimuthal 
distributions due to inefficiencies of the veto detectors. 
Furthermore, only the angular information of the proton 
candidate was used. The energy of the proton candidate 
was disregarded. 

Kinematic cuts, based on longitudinal and transverse mo- 
mentum conservation, are used to extract the desired reac- 
tion. Additionally, a cut on the missing mass was applied 
to the proton candidates (m p ± 150MeV). Figure 8 shows 
the two-photon invariant mass distribution [2] obtained. 
Below the 7r° and r\ peaks the overall background is very 
small (note the logarithmic scale) . After background sub- 
traction a clean event sample was obtained from cuts of 



6.2 Results 

Figure 9 shows the results for the beam asymmetry ex- 
tracted for one crystal setting with a maximum degree of 
polarisation at E 7 = 1305 MeV. Statistical errors are di- 
rectly attached to the data points. The bars indicate the 
estimated total systematic uncertainty. The major contri- 
bution to the systematic error of this experiment stems 
from angle-dependent inefficiencies [22]. Data within the 
range 9"„ = 60 - 100 degree are missing due to the trigger 
condition B, which was used to select events with higher 
photon multiplicity than ir° — > 2-f. In fig. 9 our data are 
compared to data of the GRAAL collaboration [5]. Both 
data sets show a very good agreement, despite small fluc- 
tuations around 9"a =115 degree. The kinematics of these 
data points are correlated to a very low proton energy, 
probably the protons got stuck in the </>-unsymmetrical 
holding structure of the inner detector. This (^-dependence 
of detection efficiency affects directly the experimental 
asymmetry. 

Figure 9 also shows the good agreement between both 
data sets and two standard calculations, the Mainz iso- 
bar model MAID [28] and the Bonn-Gatchina partial wave 
analysis BnGa [29]. 

An explicit deviation of both data sets is shown in fig. 10. 
The difference of the absolute values of the beam asym- 
metries (I^cbI — \^graal\) is plotted in one histogram. 
This representation is more sensitive to an incorrect mea- 
surement of the photon polarisation than the difference of 
the signed values. In fig. 10 the mean value of a gauss dis- 
tribution is compatible with zero. Also the width (sigma) 
corresponds to our mean statistical error. Consequently 
this cross check shows no indications for an additional 
contribution to the systematic error in the determination 
of the degree of polarisation. Hence we conclude that the 
absolute determination of the degree of linear polarisation 
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Fig. 9. The beam asymmetry E versus 6 C ™ for the reaction ~/p — » pir a . CBELSA/TAPS data (circles) with statistical errors. 
The systematic error [2] is indicated by the bar chart. Our data are compared to data of the GRAAL collaboration [5] (boxes). 
The curves represent calculations of MAID [28] (full) and Bonn-Gatchina partial wave analysis BnGa [29] (dashed) . Data within 
the range 8^ = 60 - 100 degree are missing due to the trigger condition, see text. 



is under control on the level of the estimated errors given 
in sect. 5. 



7 Summary 

We have presented the method to produce a linearly po- 
larised photon beam at ELSA by means of coherent brems- 
strahlung off a diamond crystal. Within the photon en- 
ergy range E 1 — 800... 1400 MeV we achieve polarisation 
degrees up to 49 %. At higher energies the polarisation re- 
duces to e.g. P 7 « 30% at E 7 = 1800 MeV. The precise ori- 
entation of the diamond crystal versus the incoming elec- 
tron beam is essential. It is realised by a 5-axis goniome- 
ter. The alignment is based on the Stonehenge Technique. 
Both, the relative intensity spectrum and the polarisation 
degree, have been calculated with an improved version of 
the ANB software. 

An independent consistency check is provided by the mea- 
surement of the photon beam asymmetry, S, in the re- 
action -yp — > pir°. The combined setup of the Crystal 
Barrel and TAPS detectors enabled a high-resolution de- 
tection of multiple photons, important for the clean de- 



Conslant 8.261 ±1.345 

Mean -0.005855 ± 0.010240 
Sigma 0.09967 ±0.01 369 




0.2 0.4 0.6 

PcbI ■ PgraalI 

Fig. 10. The difference of the absolute values of the beam 
asymmetries from our experiment and the results from the 
GRAAL collaboration [5]. Each difference of two data points 
corresponds to one entry in the histogram. In order to ensure 
the same kinematics of both data sets the GRAAL data are 
linearly interpolated in E 7 and 8 cms (ty°) to our mean values. 
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tection of the 2j decays of the pion. The obtained pho- 
ton asymmetries are compared with a previous measure- 
ment by the GRAAL collaboration. A very good overall 
consistency of the data sets is obtained. No deviations 
were visible beyond the error of <5P 7 < 0.02 given above. 
The production of linearly polarised photons via coherent 
brcmsstrahlung and the presented method of determina- 
tion of the degree of polarisation is now routinely used as 
a standard technique at ELSA. 
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